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(57) ABSTRACT 

A desired rotation of a synthetic aperture radar (SAR) image 
can be facilitated by adjusting a SAR data collection opera 
tion based on the desired rotation. The SAR data collected by 
the adjusted SAR data collection operation can be efficiently 
exploited to form therefrom a SAR image having the desired 
rotational orientation. 

19 Claims, 7 Drawing Sheets 

Distortion 
Mitigator 

Further 
Processing 

Sx' 
Colculote 

  

  

  

  

  

    

  

  

  

  

  



U.S. Patent Oct. 14, 2008 Sheet 1 of 7 US 7.436,349 B1 

rador position 
for pulse in 

Y. W. 
O 

target point 

FIC. 1 

(Prior Art) 

  



U.S. Patent Oct. 14, 2008 Sheet 2 of 7 US 7436,349 B1 

image boundary 

torget point 
wn a) 

sy 

direction of synthetic 
operture center 

FIG. 2 
(Prior Art) 

  

  



U.S. Patent Oct. 14, 2008 Sheet 3 of 7 US 7.436,349 B1 

torget point image boundary 

direction of synthetic 
operture center 

FIG. 3 

  





U.S. Patent Oct. 14, 2008 Sheet 5 Of 7 US 7.436,349 B1 

FIG. 5 

  



U.S. Patent Oct. 14, 2008 Sheet 6 of 7 US 7.436,349 B1 

Projection of doto operture 

FIG. 6 

  



US 7.436,349 B1 Sheet 7 Of 7 Oct. 14, 2008 U.S. Patent 

Z 'OIGH 

u's,un up 

Z/ 

  

  

  

  

  

  



US 7,436,349 B1 
1. 

CONTROLLING DATA COLLECTION TO 
SUPPORT SAR IMAGE ROTATION 

This invention was developed under Contract DE-AC04 
94AL85000 between Sandia Corporation and the U.S. 
Department of Energy. The U.S. Government has certain 
rights in this invention. 

FIELD OF THE INVENTION 

The invention relates generally to synthetic aperture radar 
(SAR) and, more particularly, to rotation of SAR images. 

BACKGROUND OF THE INVENTION 

The earliest Synthetic Aperture Radar (SAR) systems col 
lected data with the radar's antenna aimed broadside to the 
aircrafts flight path. Images formed from this data were 
displayed in a natural coordinate system with axes oriented in 
directions parallel to the flight path, and orthogonal to the 
flight path. These directions were typically respectively 
called “along-track’ and “cross-track', which emphasized 
their alignment with the aircraft's flight track. 

Later, more sophisticated SAR systems collected data with 
the radar's antenna pointed in directions other than broadside 
to the aircraft. This geometry was termed "squint’ operation. 
The image formation process then yielded a more natural 
image coordinate frame where principal axes were aligned 
with the bearing from aircraft to target scene, and orthogonal 
to this on the ground. These directions were often referred to 
as “range' and “cross-range', which emphasized their align 
ment with target bearing. 

To be Sure, once an image is formed, it can be rotated to any 
other orientation using well-known image processing tech 
niques. However, for arbitrary-angle rotations these algo 
rithms are computationally expensive, involving multi-di 
mensional interpolation and resampling of the data. These 
operations also often cause the data to lose fidelity, and are 
particularly problematic for the complex images normally 
associated with SAR. Complex pixel information refers to 
each image element (pixel) having both a magnitude and 
phase component, or equivalent. Complex images are neces 
sary for many Subsequent image exploitation techniques such 
as Interferometric SAR (InSAR, IFSAR) and Coherent 
Change Detection (CCD). 

It is therefore desirable to alleviate the aforementioned 
difficulties associated with conventional approaches to SAR 
image rotation. According to exemplary embodiments of the 
present invention, this can be addressed by adjusting the SAR 
data collection operation based on the desired rotation. The 
SAR data collected by the adjusted SAR data collection 
operation can then be efficiently exploited to form therefrom 
a SAR image having the desired rotational orientation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates conventional SAR data collection geom 
etry. 

FIG.2graphically illustrates a reference image orientation. 
FIG. 3 graphically illustrates a rotated image orientation 

that is rotated by a rotational amount relative to the reference 
image orientation of FIG. 2. 

FIG. 4 graphically illustrates in Fourier space an example 
of how waveform/timing adjustments during SAR data col 
lection can affect the collected SAR data samples according 
to the invention. 
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2 
FIG.5 graphically illustrates selected characteristics of the 

SAR data samples of FIG. 4. 
FIG. 6 graphically illustrates in Fourier space an example 

of how a combination of waveform/timing adjustments and 
pulse position adjustments during SAR data collection can 
affect the collected SAR data samples according to the inven 
tion. 

FIG. 7 diagrammatically illustrates a SAR apparatus 
according to exemplary embodiments of the invention. 

DETAILED DESCRIPTION 

According to exemplary embodiments of the invention, the 
SAR data collection process is adjusted to provide the SAR 
phase history data on a rotated grid in the Fourier space of the 
scene being imaged. The Fourier space of the scene being 
imaged refers to the Fourier transform of the 3-D complex 
reflectivity of that scene. Subsequent image formation pre 
serves the rotated geometry to allow SAR images to be 
formed at arbitrary rotation angles without the use of compu 
tationally expensive interpolation or resampling operations. 
This can be useful where control of image orientation is 
desired, for example, for generating Squinted Stripmaps and 
applications requiring registered images, among others. 

Reviewing briefly some general SAR concepts, for images 
employing axes in range and cross-range directions, the 
image y-axis can be defined to be in a direction away from the 
radar's synthetic aperture center and through the image scene 
center (as projected on the ground). The X-axis is then per 
pendicular to the y-axis, and on the ground. With these defi 
nitions, the squintangle is defined as the difference between 
the bearing to the target scene, and the ground track of the 
aircraft. Thus, when the target is broadside relative to the 
aircraft, the squintangle is 90 degrees. In any case, the natural 
image orientation depends only on the locations of the aper 
ture center and Scene center. 

However, occasions exist where it would be useful to rotate 
the image to a new orientation, where the physical directions 
of the X and y axes do not depend on the location of the 
aperture center. While rotations of multiples of 90 degrees are 
trivial, arbitrary rotations are considerably more difficult. 
Examples of applications for Such a capability include form 
ing a squinted Stripmap in a “push-broom fashion, maintain 
ing constant scene orientation for easy image registration, and 
creating conventional "North-up' maps. 
The present invention leverages from several ideas to pro 

vide the capability of forming an arbitrarily oriented SAR 
image without using overt image interpolations. These are: 

the recognition that a translation in Fourier space is equiva 
lent to a linear phase change in the image; 

the recognition that any area in the Fourier space of the 
scene will render an image of the scene; 

the recognition that a rotated image scene will have a 
similarly rotated Fourier space representation, so that rotating 
the Fourier space of a scene will allow formation of rotated 
images; and 

the ability to place phase history data samples in Fourier 
space with great precision by suitably controlling the SAR 
data collection operation. 

According to exemplary embodiments of the invention, the 
SAR data can be collected in a manner that causes the corre 
sponding SAR image formed from the collected data to be 
already rotated to an arbitrary angle, without interpolations, 
resampling, or other similar computationally expensive 
operations. An image can be rotated to an arbitrary display 
angle by collecting the raw SAR data set such that its Fourier 
space samples are located on a grid that is aligned with the 
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ultimate desired rotation angle. In some exemplary embodi 
ments, data can be collected in this manner by Suitably adjust 
ing: (1) the radar's angular pulse spacing; and (2) (a) one or 
more of the radar's waveform parameters (e.g., phase, fre 
quency, chirp rate for a Linear FM chirp waveform), or (2)(b) 
one or more of the radar's timing parameters (e.g., sampling 
delay, sample spacing). This eliminates the need for compu 
tationally expensive overt data resampling or interpolation, 
either in the image domain, or in the image's Fourier domain. 

Workers in the SAR art will readily recognize that a SAR 
employing, for purposes of illustration, a Linear-FM chirp 
waveform, stretch processing, and quadrature demodulation, 
can have its point target response raw data modeled as 

Xy (t,n) = A (S, (1) 

7 sy exp(if, +),(t-t)(s,cost...sina, -s, cost.coso,)), 

where 
c the Velocity of propagation, 
t=time, 
in pulse index number, where -N/2snkN/2. 
f, pulse center frequency of nth pulse, 
Y pulse chirp rate of nth pulse, 
to echo delay time to scene center for nth pulse, 

nominal scene grazing angle for nth pulse, 
O nominal scene aspectangle for nth pulse, 
SX-coordinate for target point, 
s, y-coordinate for target point, 
A(S,S)-amplitude response for target point. 

Note that n=0 represents the center pulse of the set that com 
prises a synthetic aperture. Workers in the art will also rec 
ognize that this model makes the commonassumption of a flat 
target scene, and ignores several often-inconsequential error 
terms. The data collection geometry is illustrated in FIG. 1. 

Conventional Range-Doppler image formation techniques 
such as the Polar Format Algorithm (PFA) yield an image 
corresponding to a target scene, where the image axes corre 
spond to the conventional range and cross-range directions, as 
illustrated in FIG.2. The target point coordinates s, and s, are 
identified relative to the X and y-axes. However, many appli 
cations may wish to achieve an image of the target scene with 
axes rotated by an arbitrary angle C. Such as shown in FIG. 3. 
The rotated image geometry of FIG.3 includes the axes x and 
y', and the target point coordinates are identified as s, and s, 
in FIG. 3. So coordinates s, and s, within a first image of the 
target respectively correspond to coordinates sands, within 
a second image of the target that differs from the first image in 
that it has been rotated by C. relative to the first image. The 
rotated coordinates s, and s, are related to the corresponding 
un-rotated (i.e., reference orientation) coordinates S. (cross 
range) and s, (range) by 

S.S. cos CR+S, sin CR (2A) 

S.--S, sin CR+s, cos CR (2B) 

which in turn implies the following inverse relationship: 

S.S. cos CR-S, sin CR (3A) 

S.S. sin CR+S, cos CR (3B) 
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4 
The raw data then becomes 

4t (4) 
Xy (t,n) = A(S, , Sy)exp j- (f, -- 

costic, sina, (s, cosa R - Sy Sina R) 
y (f - ion)) 

-costic cosa, (S, SinaR + Sy coSQR) 

Some simplification provides 

4t (5) Xy (t,n)=A(sy, sy)expki (f, + 

S (sina, cosa R - cosa, sina R) 
y (f - ion))coStic 

x x -sy (sina, sina R + coSQ coSQR) 

and 

4t (6) Xy(1, n) = A?sy, sy)exp(if, + 
y, (t-ten))costle, (sy sin(a, - ar) - Sy cos(a, - ar))} 

and 

(7) 

y, (t-ten))costle, cos(an - a r)(s, tan(an - a R)-Sy)}. 

Note that X is a time-domain signal. Sampling this signal 
with an Analog-to-Digital Converter (ADC) places signal 
samples at times 

(8) 

where 

T., the ADC sample spacing for the nth pulse, 
T, the ADC sampling delay or offset for the nth pulse, and 
i=the ADC sampling index, where -I/2sizI/2. 

This yields the sampled data set modeled by 

Xy (i, n) = (9) 

4t 
j- (f, + y, n + y, Tri)costic cos(an - QR) X A (sy, Sy)exp C 

(S, tan(a, - a R ) - Sy) 

Exemplary embodiments of the invention can adjust pulse 
waveform and timing parameters on a pulse-to-pulse basis to 
achieve optimal frequency content of the data, and can also 
adjust angular pulse spacing to facilitate optimal azimuth 
processing. In particular, radar parameters such as center 
frequency f. chirp rate Y, ADC delay T, and ADC sample 
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spacing T are adjusted on a pulse-to-pulse basis (i.e., as a 
function of n) to cause the following relationship 

(10) 

where the “O'” subscript denotes nominal constant values. 
This relationship can be achieved in a number of different 
manners, some examples of which are set forth below. The 
desired relationship (10) can be achieved, for example, by 
providing the nth pulse with the following waveform and 
timing parameters: 

T=0, 

Ts.T.s.o. 

f, Kfo, and 

YKYo 

where 

costicocoSQR (11) 
K ----. 

costic cos(a, - (R) 

As another example, the desired relationship (10) can be 
achieved by providing the nth pulse with the following wave 
form and timing parameters: 

f, for 

T.K.T.s.o. and 

t = (k - 1). 

These adjustments produce the desired relationship (10) and 
cause the raw data model to become 

if + yoToi)cosit X (12) soi)COSpico COSC 
Xy (i, n) = A (sy, s' (Jo to so 0 R } 

(S, tan(a, - a R) - Sy) 

Workers in the art will also recognize that many different 
algorithms other than the examples set forth above can be 
developed for adjusting waveform and timing parameters to 
achieve the desired relationship (10). 

Turning now to some further general definitions, the coor 
dinate frame of the Fourier space of a scene is defined herein 
by axesk, k, k, that respectively correspond to the x, y, and 
Z axes of the image (see also FIG.3). Data that is collected to 
produce the relationship (10) above will manifest the charac 
teristic that samples with constant index i will project in the 
scene's Fourier space to a constant distance from the k-0 
plane. FIG. 4 illustrates a raw data sets coordinates in the 
Fourier space, as well as its projection in the k=0 plane. 
As is well known in the art, the projection of raw SAR data 

into a reference plane is implicit in 2-dimensional processing 
of data collected in a 3-dimensional geometry. FIG. 5 details 
the location of a projected data sample in the k=0 plane. A 
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6 
constant sample index i with varying index n will define a line 
segment parallel to the k. axis, as shown in FIG. 5. A con 
stant pulse index n with varying index i will define a line 
segment (radial) oriented in a radial direction from the origin, 
where any such segment for a particular n is at a constant 
angle from the origin, and hence not parallel with any other 
segment corresponding to a different index n. 

In order to facilitate efficiently processing the raw data into 
an image, the raw data should preferably be on a rectangular 
grid where, in addition to constant sample index i defining a 
line segment parallel to the k, axis, constant pulse (i.e., azi 
muth) index n would define a projected line segment parallel 
to the k, axis. As described above, waveform/timing param 
eter adjustment during SAR data collection can accomplish 
the desired characteristic for constant sample index i, but not 
for the azimuth index n. To this end, the data collected using 
the aforementioned waveform/timing parameter adjustment 
technique could simply be interpolated to new positions in the 
k, direction via a 1-dimensional interpolation operation. This 
demonstrates that the waveform/timing parameter adjust 
ment technique has, in and of itself, already reduced the 
interpolation task from a general 2-dimensional interpolation 
to a more efficient 1-dimensional interpolation. 

Exemplary embodiments of the invention can produce the 
desired results for constant index n by choosing for each pulse 
an optimal scene aspect angle C. This can be characterized 
more generally by choosing the pulse position or angular 
pulse position. In some embodiments, the radar chooses to 
emit pulses and collect data at angles C, that correspond to 
constant spacing in the k, direction for any one value of index 
i, while allowing the constant spacing to be different for 
different values of index i. This can be achieved by choosing 
to sample at angular positions where 

tan (CL-C) don-tan C. (13) 

for constant do. 

The parameter do. is related to the nominal increment in the 
aperture angle between pulses at the center of the synthetic 
aperture. It is chosen to satisfy the well-known Nyquist cri 
teria for sampled data for digital signal processing systems. It 
also depends on the scene diameter illuminated by the radar 
antenna beam. In some embodiments, it may be chosen to 
satisfy 

1 (14) 
da is 

6-fotocoSticocosa R 

The amount by which do. is less than the right side of the 
inequality is determined by the antenna beam characteristics. 
In some embodiments, do is about 2/3 of the right side of the 
inequality. The parameter t, in the inequality designates a 
nominal constant echo delay time that will be described fur 
ther hereinbelow. The parameter 0 antenna azimuth beam 
width. The antenna azimuth beamwidth 0 is a function of 
the physical structure of the antenna (mainly its azimuth 
dimension) and its operating frequency. As long as the radar's 
pulse repetition frequency (PRF) is adequately high, any 
desired antenna beamwidth can be used. The minimum nec 
essary radar PRF to avoidaliasing can be easily calculated by 
formulas that are well known in the art. For example, some 
embodiments use 
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2V. 15 PRF > * (15) 
62 

where V, is the radar Velocity, and D is the azimuth antenna 
dimension. In various embodiments, the PRF is 1.5 to 2.0 
times the term on the right side of the above inequality. 

From relationship (13) above, it can be seen that the desired 
angular position for the nth pulse will be 

C, arctan(don-tan C)+C. (16) 

This selection of C, permits processing without overt inter 
polation, or with more efficient interpolation operations. If 
this desired angular pulse position is used for the nth pulse, 
then the raw data model becomes 

} (17) 7 
- (fi + yn T. ni)costincosa R X Xy (i, n) = A (S/. e C (fo + yoToi)costicocoSQR 

(sy don-S, tana R - Sy) 

The phase can be parsed into components to yield 

47tfo (18) oT.0. j-i-costlocoso Rs. (1 -- yo is ildon fo 
47t -ji cost.asinoes, (1 -- 
C re i) 
47tfo yoT.0. -p -- coStill cocoSQRSy ( i) fo 

47tfo 
-p -- coStill cocoSQRSy 

The first phase term is the only one that depends on azimuth 
index n, and will be exploited to ascertain coordinates. The 
dependence of the first phase term on index i is termed range 
migration, and is undesirable. For fine resolution images, this 
would conventionally be mitigated by interpolating to a new 
index n' such that 

yo T0 (19) 
fo (1+ idon = da'n'. 

This constitutes a linear resampling of the data that varies 
with index i. Interpolation to achieve this is well known in the 
art. However, exemplary embodiments of the invention can 
achieve a linear sample spacing with index n, without the 
need to resample or interpolate before transform processing. 
In some embodiments, due to the use of coarser resolution 
images, range migration effects may be negligible, so the 
dependence on index i can be ignored. 
The second phase term in equation (18) is an error term that 

accounts for Some geometric distortion, but (as demonstrated 
hereinbelow) can be mitigated once an estimate for S, is 
calculated. The third phase term in equation (18) will be 
exploited to ascertain coordinates. The fourth phase term is 
constant for any ones, and can be neglected for calculating 
and displaying magnitude or intensity SAR images in some 
embodiments. Other embodiments use conventional tech 

8 
niques to mitigate the fourth phase term as may be necessary 
to support Subsequent SAR image exploitation techniques. 
The above-described positioning of each pulse at the cho 

Sen angular position an combined with the aforementioned 
5 waveform/timing parameter adjustment, causes the projected 

data set in Fourier space to assume the shape of a trapezoid, as 
indicated in FIG. 6. If all of the collected data are used, then 
this will cause the sidelobe structure in the image to depend 
on the desired angle of rotation C. Some embodiments 
ignore this phenomenon, while other embodiments crop the 
data to a more palatable shape. The cropping is accompanied 
by a loss in image resolution. 

Considering now image formation, in some embodiments, 
the Chirped Z-Transform (CZT) is used to accomplish the 
combined operations of linear resampling followed by a Dis 
crete Fourier Transform (DFT). For clarity of exposition, the 
following description assumes the use of the CZT to perform 
a first intermediate processing step in image formation. How 
ever, workers in the art will recognize that any of a number of 
other signal processing techniques can be used to accomplish 
results equivalent to the combination of linear resampling 
followed by a DFT. In some embodiments, the CZT is applied 
to the collected data X (in) to produce a first intermediate 
signal as follows 

10 

15 

25 

X, (i, u)= CZT,(X, (i, n) =XX, (i, nexp(-jArun) (20) 

30 

where u is the image pixel azimuth index (in the X' direction 
of FIG. 3). Some exemplary embodiments select the scaling 
factor A, to be 

35 
(21) 7(1 + 1). AF = - 

F it. Fo 

40 This results in 

X (i., ii) = (22) 

47t -jeososinoes (1 -- 45 yo T0 i) 
fo 

47t T A(S, , Sy)exp -ji cost.cosors, (2) i) 
C O 

47tfo -j- -costeocosorsy 
50 

yo To (i. 27t i - cosicocosa Rdas - (a)) fo C thic. * N X. exp(ill -- 

55 Performing the summation yields 

X (i., ii) = (23) 

47t 
-i. t costicosinaRS, (1 -- yo T.0. Ali) 

yo Ts-0. Ed.) 
60 47tf 

A (S, , Sy)eXp -j- costeocosors, ( 
C 

47tfo -j--cost.ocosaesy 
yoT.0 i 47tfo 27t 
fo --cost.ocosadas, u) 65 W. (1 -- 
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where the azimuth-dimension impulse response shape is 
given by 

W,(O) =X exption). (24) 

The CZT thus yields an intermediate signal X (i.u) that 1 
relates the index u to the target coordinates, as follows: 

=( C (25) 
S = 2focosicocosa RNda ii. 

Note that this relationship is independent of index i, which 
indicates that range migration has been compensated. The 
residual dependence of the impulse response on index i is 
confined to the sidelobe structure, and this effect is ignored in 
some embodiments. With an estimate of s, the aforemen 
tioned principal geometric distortion term (identified above 
as the second phase term in equation (18) can be mitigated by 
calculating for each index pairi and u 

47tfo (26) T 
X2(ii, ii) = X(i. u)exp(-icosilosino Rs. (1 -- yo iso ) fo 

This produces a second intermediate signal (with reduced 
distortion) as follows 

X2 (i, ii) = (27) 

47tfo yo Ts-0. -j-costeocosors, f i) 
C 

A(S, , Sy)exp O X 
47tfo -j- -costeocosorsy 

47tfo 27t W("cost.cosodas, u) C 

Applying a range DFT across index i relative to the second 
intermediate signal X (i.u) yields 

X3 (v, u) = DFT (X2 (i, u)) = X. X2 (i. wer-ji, vi) (28) 

where V is the image pixel range index (in they' direction of 
FIG. 3). This range DFT calculates to 

4t 
A (S, , Sy exp(-icosocosaesy } X (29) 

47tfo 27t 
X3 (v, u)= W(cost.cosodas u) X 

cosicocoSQRSy y Tv) 
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10 
where the range-dimension impulse response shape is given 
by 

W;(O) =Xexpt joi). (30) 

The result X (v, u) of the range DFT is a complex image that 
0 relates the index v to the target coordinates, as follows: 

( C (31) Sy - - - I. 
2yoT.0 icosicocoSQR 

Note that the residual phase term in the complex image X 
(v,u) is inconsequential in a magnitude detected (intensity) 
image. In view of the foregoing, it can be seen that resolution 
in thexandy' directions can be calculated to be, respectively, 

(32A) C 
= - , and P (ANaeve, al 

=( C (32B) 
py = 2yo TolcosicocoSQR) 

These both depend on the rotation parameter C. coarsening 
as C. increases in magnitude. In some embodiments, conven 
tional resolution-determining parameters are compensated 
for this (e.g. bandwidth increasing, and synthetic aperture 
lengthening, accordingly). 

Although exemplary embodiments of the invention are 
described above with respect to a single target reflector, work 
ers in the art will recognize that an entire scene can be treated 
as a Superposition of a multitude of reflectors. Conventional 
SAR processing is linear in nature, as is the above-described 
SAR processing according to the invention. Such processing 
may therefore be applied to a data set containing echo infor 
mation for a scene, resulting in a SAR image that exhibits a 
desired rotational orientation. 
ASC approachest 90 degrees, various ones of the above 

described SAR data collection adjustments may become 
unstable. Consequently, in some embodiments, a large rota 
tion angle is accommodated by combining a smaller Sub-90 
degree rotation with a simple 90 degree rotation. Some 
embodiments require the sub-90 degree rotation to be less 
than or equal to tak5 degrees. For example, +100 degrees 
rotation=+10 degrees rotation followed by +90 degrees rota 
tion. +75 degrees rotation=-15 degrees rotation followed by 
+90 degrees rotation. 
The following is a brief description of various nominal 

constant value parameters introduced above. Nominal con 
stant value parameters are those for which subscript n=0 
represents the chosen expected values for these parameters at 
the center of a synthetic aperture. Generally, these expected 
values are chosen to maintain the desired operating charac 
teristics of the radar. 
The nominal constant center frequency f is defined by a 

system designer normally as the center of the radar operating 
frequency band. An example would be 16.7GHZ for the Ku 
band. It is chosen by the system designer to comply with 
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frequency authorizations and the phenomenology that the 
particular radar band is able to address. 
The nominal constant chirp rate Yo is chosen to achieve a 

particular bandwidth over the course of the individual radar 
pulse, where the bandwidth is chosen to achieve a desired 
range resolution. 
The nominal constant ADC sample spacing To is chosen 

to sample satisfactorily the radar receiver bandwidth, or inter 
mediate frequency (IF) bandwidth in the case of a heterodyne 
receiver, consistent with the well-known Nyquist criteria for 
sampled data in digital signal processing systems. 
The nominal constant scene grazing angle po is selected 

by the radar typically to be either 1) some desired (e.g., 
user-specified) grazing angle as part of some desired collec 
tion geometry to yield a desired phenomenon in the radar data 
(e.g. minimum radar altitude above the ground at Some stand 
off range), or 2) the expected grazing angle to target scene 
center at the center of the synthetic aperture if current flight 
path is maintained. 
The nominal constant echo delay time depends on the 

nominal range to the target scene center: 

(33) 

where Ro is selected by the radar typically to be either 1) a 
desired (e.g., user-specified) range as part of some desired 
collection geometry to yield a desired phenomenon in the 
radar data (e.g. minimum stand-off range for safety), or 2) the 
expected range to target scene center at the center of the 
synthetic aperture if the current flight path is maintained. 

In some exemplary embodiments, the following exemplary 
values are used as nominal constant parameters: 
f16.7GHZ for operation at the center of the Ku-band; 
Yo-6 MHz/microsecond for 1-meter range resolution with a 

30-microsecond pulse: 
To-66 MHz for a radar employing stretch processing with a 
30 MHZ video bandwidth, and using I/O demodulation; 
and 

po 30 degrees. 
FIG. 7 diagrammatically illustrates a SAR apparatus 

according to exemplary embodiments of the invention. FIG.7 
illustrates an adjustment apparatus that includes a waveform/ 
timing adjuster 72 and a pulse position adjuster 73. Based on 
the desired rotational angle C, the pulse position adjuster 73 
can make pulse position parameter adjustments on a pulse 
to-pulse basis as described above, in order to achieve rela 
tionship (16) above. The adjusted pulse position parameter 70 
(e.g., adjusted aspect angle C) is provided to the waveform/ 
timing adjuster 72, and to a SAR data collection system 71. 

In some embodiments, the waveform/timing adjuster 72 
can make waveform parameter adjustments on a pulse-to 
pulse basis as described above, in order to achieve relation 
ship (10) above. The waveform/timing adjuster 72 performs 
the parameter adjustments based on the desired rotational 
angle C, and based on the adjusted pulse position parameter 
received from the pulse position adjuster 73. 
The waveform and timing parameters 79 produced by the 

waveform/timing adjuster 72 are provided to the SAR data 
collection system 71. Based on the parameters 79 received 
from the waveform/timing adjuster 72, and the parameter 70 
received from the pulse position adjuster 73, the SAR data 
collection system 71 can use conventional techniques to col 
lect the SAR data signal X(i.n) described by equation (18) 
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12 
above. The collected SAR data signal X(i.n) is passed to an 
image former which is shown generally at 74-77, and which 
is described hereinbelow. 
A CZT processing unit 74 applies CZT processing to X(i. 

n) as described above with respect to equation (20), thereby 
producing the first intermediate signal X (i.u) described 
above. As mentioned above, the CZT accomplishes a signal 
processing result that is equivalent to linear resampling fol 
lowed by a DFT. In various embodiments, other suitable 
signal processing techniques are applied to X(i.n) in order to 
achieve a signal processing result that is equivalent to linear 
resampling followed by a DFT. 
A distortion mitigator 75 is coupled to the CZT processing 

unit 74, and implements equation (26) above to reduce dis 
tortion in X (i.u), thereby producing the second intermediate 
signal X(i.u) described above. The distortion mitigator 75 
receives as an input the desired rotational angle C, for use in 
implementing equation (26). A calculation unit 77, coupled to 
the distortion mitigator 75, implements equation (25) above 
to calculate the rotated coordinates S. For all values of index 
u, the distortion mitigator 75 can obtain from calculation unit 
77 the respectively corresponding coordinates S, for use in 
implementing equation (26). 
A DFT processing unit 76 is coupled to the distortion 

mitigator 75, and applies a range DFT to X(i.u) as described 
above with respect to equation (28), thereby producing the 
complex image signal X (v,u) described above. The signal 
X(v, u) is then available for further processing by a further 
processing unit 78 that is coupled to the DFT processing unit 
76 to receive the signal X (v,u). The further processing unit 
78 can further process the image signal, which is now rotated 
as desired, in any desired manner. 

It will be evident to workers in the art that the exemplary 
embodiments described above can be implemented, for 
example, in hardware, Software, and combinations of hard 
ware and Software. 

Although exemplary embodiments of the invention have 
been described above in detail, this does not limit the scope of 
the invention, which can be practiced in a variety of embodi 
mentS. 

What is claimed is: 
1. A synthetic aperture radar (SAR) method, comprising: 
providing a SAR data collection operation that normally 

collects first SAR data from which can be formed a first 
SAR image that corresponds to a target and is oriented in 
a predetermined reference orientation; 

adjusting the SAR data collection operation based on a 
predetermined amount of rotation by which a second 
SAR image corresponding to the target is to be rotated 
relative to said predetermined reference orientation; and 

collecting second SAR data according to the adjusted SAR 
data collection operation. 

2. The method of claim 1, including forming the second 
SAR image based on the second SAR data, the second SAR 
image rotated by said predetermined amount relative to said 
predetermined reference orientation. 

3. The method of claim 2, including reducing distortion in 
the second SAR databased on said predetermined amount of 
rotation. 

4. The method of claim 1, wherein said adjusting includes 
adjusting one of a waveform parameter, a timing parameter, 
and an angular position parameter associated with a radar 
pulse. 

5. The method of claim 4, wherein said waveform param 
eter includes one of center frequency and chirp rate. 
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6. The method of claim 5, wherein said timing parameter 
includes one of digital sampling delay and digital sample 
spacing. 

7. The method of claim 6, wherein said angular position 
parameter includes aspect angle. 

8. The method of claim 4, wherein said timing parameter 
includes one of digital sampling delay and digital sample 
spacing. 

9. The method of claim 8, wherein said angular position 
parameter includes aspect angle. 

10. The method of claim 4, wherein said angular position 
parameter includes aspect angle. 

11. The method of claim 10, wherein said waveform 
parameter includes one of center frequency and chirp rate. 

12. The method of claim 4, including adjusting said angular 
position parameter, and adjusting said waveform parameter 
based on the adjusted angular position parameter. 

13. The method of claim 12, including adjusting said angu 
lar position parameter, and adjusting said timing parameter 
based on the adjusted angular position parameter. 

14. A SAR method, comprising: 
receiving first SAR data that has been collected using a 
SAR data collection operation that has been adjusted to 
collect the first SAR data based on a predetermined 
amount of rotation by which a first SAR image corre 
sponding to a target is to be rotated relative to a prede 
termined reference orientation, the SAR data collection 
operation normally collecting second SAR data from 
which can be formed a second SAR image that corre 
sponds to the target and is oriented in said predetermined 
reference orientation; and 

forming the first SAR image based on the first SAR data, 
wherein the first SAR image is rotated by said predeter 
mined amount relative to said predetermined reference 
orientation. 

15. A SAR apparatus, comprising: 
a SAR data collector for performing a SAR data collection 

operation that normally collects first SAR data from 
which can be formed a first SAR image that corresponds 
to a target and is oriented in a predetermined reference 
orientation; 
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an adjuster coupled to said SAR data collector for adjusting 

the SAR data collection operation based on a predeter 
mined amount of rotation by which a second SAR image 
corresponding to the target is to be rotated relative to said 
predetermined reference orientation; and 

said SAR data collector responsive to said adjuster for 
collecting second SAR data according to the adjusted 
SAR data collection operation. 

16. The apparatus of claim 15, including an image former 
coupled to said SAR data collector for forming the second 
SAR image based on the second SAR data, the second SAR 
image rotated by said predetermined amount relative to said 
predetermined reference orientation. 

17. The apparatus of claim 16, wherein said image former 
includes a distortion mitigator coupled to said SAR data 
collector for reducing distortion in the second SAR data 
based on said predetermined amount of rotation. 

18. The apparatus of claim 17, wherein said image former 
includes a Chirped Z-Transform (CZT) processing unit 
coupled to said SAR data collector and said distortion miti 
gator, and a Discrete Fourier Transform (DFT) processing 
unit coupled to said distortion mitigator. 

19. A SAR apparatus, comprising: 
an input for receiving first SAR data that has been collected 

using a SAR data collection operation that has been 
adjusted to collect the first SAR databased on a prede 
termined amount of rotation by which a first SAR image 
corresponding to a target is to be rotated relative to a 
predetermined reference orientation, the SAR data col 
lection operation normally collecting second SAR data 
from which can be formed a second SAR image of the 
target that is oriented in said predetermined reference 
orientation; and 

an image former coupled to said input for forming the first 
SAR image based on the first SAR data, wherein the first 
SAR image is rotated by said predetermined amount 
relative to said predetermined reference orientation. 


